To identify the role of hyperleptinaemia in mediating the effects of early postnatal overfeeding in a rat strain known to be prone to manipulations of the early environment which result in predispositions for obesity and associated metabolic and cardiovascular disturbance in later life. DESIGN: Wistar rats were reared in normal litters (NL, 10 -12 pups) or small litters (SL, four pups) from postnatal day 3 and killed for determination of body composition and plasma leptin and insulin concentrations on day 7 or day 21 after having been treated with recombinant leptin (2Â50 (pmol=g)=day) or saline from day 1. RESULTS: Rearing in SL doubled the body fat content and plasma leptin levels in comparison to NL pups by 21 days of age. Under leptin-treatment throughout suckling age, NL pups remained leptin responsive, ie the difference in body fat content was progressively reduced relative to the controls. Until 7 days of age, despite the body fat content of untreated SL pups being 2-fold higher and their plasma leptin level 7-fold higher than that of NL pups, leptin treatment caused the same percentage decreases in body fat in SL than in NL pups. But in contrast to NL pups, the SL pups became leptin resistant thereafter. Plasma insulin levels in 7-day-old leptin-treated SL pups were 3-fold higher than in untreated littermates and 5-fold higher than in the NL groups. CONCLUSION: Prophylactic leptin treatment does not prevent hyperinsulinaemia and excessive fat deposition in SL pups. On the other hand, selective hyperleptinaemia during suckling age does not trigger leptin resistance and obesity in NL pups. Rather than hyperleptinaemia per se, other factors associated with early postnatal overnutrition, for example, the concurrent hyperinsulinaemia, seem to play a pivotal role for the development of leptin-resistance and life-long obesity risk in SL rats.
Introduction
Experimental and clinical studies have shown that overweight at birth and during early postnatal life, as induced, for example, by early overnutrition, may represent a risk factor for later obesity and associated metabolic and cardiovascular disturbances. 1 -3 Rats raised in small litters (SL) have been used for many years as experimental models to study the immediate and long-term consequences of overnutrition during the early postnatal period, 4 -6 but the factors responsible for the development of abnormalities in rats reared in SL are still unclear.
Fiorotto et al showed that Sprague -Dawley rats reared in small litters (four pups) from within 24 h after birth developed a 20% higher body fat content than rats reared in normal litters (10 pups) already by 5 days of age. 7 By 9 days of age, this difference had increased to 60%, and pups had also developed a greater lean body mass. Acceleration of growth and fat deposition were associated with an increase in the daily volume of milk ingested, and in the amount of fat and protein consumed -with the increase in the fat uptake exceeding the increase in protein uptake. 7 Detailed studies on Wistar pups reared in small litters demonstrated the development of hyperleptinaemia and hyperinsulinaemia in addition to pronounced overweight during the suckling period 3, 8 and, thus, suggested a similarly high susceptibility of this strain to early overfeeding. Changes of the hypothalamic NPY content in response to undernutrition but not to overnutrition reported for 21-day-old Wistar pups point to the development of resistance to leptin and=or insulin of this brain-intrinsic peptidergic system, 8 which is importantly involved in the control of food intake and assumed to be already functional at this age. 9, 10 Possible aberrations of body composition under the condition of overnutrition have not yet been analyzed in the Wistar strain, but they may differ from what is known for wildtype ( þ = þ ) Zucker rats because the 30 -40% difference in body fat content found at an age of 21 days between pups of this strain raised in small and normal litters was associated with a degree of hyperleptinemia only half of that in overfed Wistar rats at the same age. 8, 11 If Zucker rats, heterozygous for the leptin receptor defect 'fa' were, however, reared in small litters, they had developed by 21 days of age a 60% higher fat content and correspondingly higher leptin levels than pups of the same genotype reared in normal litters. 11 Moreover, female þ = þ Zucker rat pups reared in small litters could be maintained at a normal body fat content when being treated prophylactically with 100 (pmol=g)=day leptin, starting 2 days before litter size was reduced. Equally treated female þ =fa pups, on the other hand, became leptin resistant, developing a similarly high body fat content as their saline-treated þ =fa littermates.
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Taken together, these findings suggest a strong interaction of early postnatal overfeeding caused by rearing in small litters with a defined genetic lesion (in the leptin receptor) as well as with undefined strain-related differences in the genetic background.
Here we tried to use these strain differences to more closely define the conditions causing the development of leptin resistance in juvenile animals by investigating the effect of 'prophylactic' leptin treatment from day 1 to 21 on Wistar rats reared in small litters. For this purpose, we treated Wistar rat pups identically to the Zucker rat pups in a previous study 11 until day 21 or until day 7, and determined the effects of rearing in small and normal litters with or without leptin treatment on body composition and plasma concentrations of leptin and insulin.
Methods

Animals
We used male offspring from Wistar rats originally purchased from Charles River (Sulzfeld, Germany). Apart from the brief treatment and weighing procedures the pups were left undisturbed until the end of the experiments at 21 days of age with their mothers in colonies maintained at 22 C on a 12:12 h light:dark cycle. A second group of animals was used for determination of body composition, plasma leptin and plasma insulin concentrations at 7 days of age. On the day of birth (day 0) each pup was marked with subcutaneous injections of India ink. At the beginning of the light phase, when the litters (10 -14 pups at birth) were 3 days old, pups were assigned either to litters containing 10 -12 pups (normal litters, NL) or to litters containing only four pups (small litters, SL) with starting weights of pups as closely as possible matched for pups reared in NL and SL. Only male pups were used in this study, but females were left with their mothers to obtain the desired number of pups per litter.
Leptin treatment
In some of the litters, half of the pups were treated with recombinant his-tagged murine leptin (17 600 Da) produced as described previously. 12 Starting when the animals were 1 day old (that is, on the second postnatal day), half of the littermates were subcutaneously injected twice daily at light transitions with a dose of 50 pmol=g until the end of the experiment; the other half received control injections (phosphate-buffered saline). Within each litter the pups were randomly assigned to the treatment and control groups in such a way that the average body masses of the leptin-treated animals before the first injection matched those of their control littermates.
Sample preparation and body composition analysis
At the end of the light phase when pups were 7 or 21 days old, litters were removed from their mothers, pups anesthetized for 30 s by CO 2 and decapitated. Blood was collected on ice in tubes containing heparin as anticoagulant. Dilution was determined by weighing, and concentrations appropriately corrected. Plasma was collected after centrifugation and stored at 780 C for RIA measurements. Carcass mass was determined after stomach and intestine had been removed, and body composition -fat content and fat-free dry mass (FFDM) -was evaluated by drying to constant weight, followed by whole-body chloroform extraction in a Soxhlet apparatus. 13 
Plasma determinations
Leptin concentration were determined with a commercial RIA-kit for murine leptin (Linco, St Charles, MO). From repeated measurements against rat leptin as standard we determined conversion factors for the estimation of rat leptin concentration. Inter-and intraassay coefficients of variance were 8% and 6%, respectively. To decrease variability due to interassay-variability, we measured pooled samples in each assay and used the deviation from the long-term mean value of the pool for appropriate correction. Plasma insulin concentrations were determined by a commercial RIA-kit (Serono Diagnostics, Freiburg, Germany) with rat insulin (Novo Nordisk, Denmark) as the standard. The intra-assay variability was < 10%, samples of all pups were run in the same assay.
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Statistical evaluation
Regression analysis was used to analyze the effect of litter size on body fat content independent from interlitter variations in growth.
14 Differences in the mean values of final body mass, body composition data and plasma leptin concentrations of untreated pups reared in small or normal litters were evaluated by t-testing, respectively U-testing if data were not normally distributed. As in previous studies, 14 differences in body composition of leptin-treated and control pups were determined by two-way-ANOVA with litter and treatment as the factors. In this way we were able to clearly separate the leptin treatment effects relevant for this study from the significant (P < 0.05) interlitter differences in body composition. Mean values were consequently presented as leastsquare means ( AE s.e.). We also determined the changes in fat mass after leptin treatment by calculating for each pup the percentage difference from the mean value of the control littermates, because this procedure normalizes interlitter differences and permits comparison of the leptin effects across ages.
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Results
Effect of litter size on body fat content and growth of lean body mass Carcass mass as well as fat mass of 21-day-old Wistar rats reared in SL are much higher than that of pups reared in NL (Figure 1) , and the correlation between the two variables is significantly steeper in the SL pups (P < 0.01). The mean values of body mass, body fat and FFDM of 21-day-old Wistar rats reared in NL and SL are summarized in Figure 2 . Rearing in SL increases both FFDM and fat mass, but the effect on fat deposition is nearly three-times as large as that on growth of FFDM. At the time of weaning, SL pups, thus, have a nearly 3-fold greater total fat mass and twice the percentage body fat than NL pups. Figure 3 shows the effects of the rearing conditions on plasma leptin concentration and its relation to body fat. Plasma leptin concentration is nearly three times as large in SL pups, ie plasma leptin concentration increases proportional to the increased total fat mass of the carcasses so that leptin per gram body fat is identical for NL and SL pups. The higher total fat mass is, however, partially a consequence of a Figure 2 . White bars, normal litters; black bars, small litters. **P < 0.01; ***P < 0.001 (U-test).
Effect of litter size on plasma leptin concentration
Leptin resistance and obesity in overfed Wistar pups I Schmidt et al larger body size and, thus, not an unequivocal indicator of adiposity. Therefore, it should be noted that leptin levels increase more than proportional to the increase in percentage body fat caused by rearing in SL (right part of Figure 3 ).
Effect of litter size on the responsiveness to leptin treatment In Figure 4 (A) growth of control and leptin treated pups from normal and SL are compared. Body mass of NL pups increased much slower than that of SL pups, and the growth curve obtained for the leptin-treated NL pups lags slightly behind that of the non-treated controls (P ¼ 0.06 for body mass difference at day 21), while this effect is not observed for the leptin-treated SL pups. The corresponding changes in percentage body fat were analyzed at 21 days of age and in additional experimental groups killed at 7 days, this being the earliest age at which leptin treatment has been demonstrated to have a significant effect on the body fat content of Zucker rat pups from normal litters. 14 Figure 4 (B) shows that in the NL animals percentage body fat in the leptin-treated animals was already significantly lower at day seven and the difference to the control pups increased markedly until day 21. For the SL group body fat content of the leptin-treated animals was also significantly lower than that of their control littermates on day seven, however, this difference became smaller in the further course of treatment and was no longer significant at day 21. To visualize the age dependence of leptin effects more clearly, responsivity to leptin is indicated in Figure 4 (C) by the percentage change of fat mass relative to the respective control pups. From day seven to 21, the percentage decrease in fat mass had become more pronounced in NL pups, whereas it had disappeared in SI rats.
Early abnormalities in plasma leptin and insulin concentrations of rats from small litters By 7 days of age, the 2-fold higher body fat content of SL control pups (see Figure 3(B) ) was accompanied by a more than 7-fold higher plasma leptin concentration in comparison to NL pups (22.0 AE 1.9 vs 3.0 AE 0.5 ng=ml). Because early hyperinsulinaemia has been implicated in the development of abnormalities caused by rearing rats in SL, plasma insulin levels were also determined in the 7-day-old leptin-treated and control pups from NL and SL. Figure 5 shows that they indeed developed differently. In the NL animals, the insulin levels were in the low normal range and not influenced by the leptin treatment. In the SL animals, plasma insulin was 5-fold higher and although leptin treatment reduced this level slightly (P ¼ 0.11), it remained 3-fold higher than in the NL animals (P < 0.001).
Discussion
Hyperleptinaemia per se does not cause leptin resistance The salient point of this study is that Wistar pups reared in small litters develop a pronounced leptin resistance between Figure 4 Part A shows growth (least square means AE s.e.) of leptintreated (thin lines) and control (thick lines) Wistar rats reared in normal (NL) and small (SL) litters from day 3 to 21. Animals were treated with leptin starting on the second postnatal day and sacrificed for body composition analysis at 21 days of age (n ¼ 5 -6 per group). Part B shows the body fat content (least square means AE s.e.) of 21-day-old leptin-treated (white) and control (black) animals and of a second group of animals, treated identically, but sacrificed already at 7 days of age (n ¼ 8 -14 per group). To facilitate comparison across ages, the mean ( AE s.e.) of changes in body fat content of 7 and 21-day-old pups are shown in part (C); these values are expressed as the percentages by which body fat mass of each leptin-treated pup differs from the mean values of its respective control littermates and were tested for significance from zero by t-testing. *P < 0.05; **P < 0.01; ***P < 0.001. Figure 5 Plasma insulin concentrations ( AE s.e.) of 7-day-old leptintreated (white) and control (black) pups from normal (NL) and small (SL) litters; n ¼ 8 -14 per group. ***P < 0.001 (U-test) for differences between pups from normal litters and the respective small litter groups.
Leptin resistance and obesity in overfed Wistar pups I Schmidt et al 7 and 21 days of age, whereas pups reared in litters of normal size remain leptin sensitive when their temporal mean of plasma leptin concentration is experimentally increased to levels similar to or higher than that of pups from untreated small litters. In weanlings of this frequently used strain not affected by a defined genetic lesion, rearing in SL thus resulted -even when combined with 'prophylactic' leptintreatment -in a similar body fat content and a similar degree of hyperleptinaemia and leptin inresponsiveness as observed in weanlings homozygous for the leptin receptor defect 'fa'. 15, 16 Previous studies have shown that the leptin doses used in this study result in plasma leptin levels of about 30 -40 ng=ml if constantly applied via miniosmotic pumps to 2 to 3-week-old rat pups, 17 and, although measurements in 7-day-old pups showed that plasma leptin concentrations of suckling-age pups show marked oscillations when doses straddeling this range were delivered by two daily injections rather than continuously, plasma leptin levels in leptintreated NL pups remained for most of the day in or above the range occurring spontaneously in SL pups. 14 In this context, it is especially noteworthy that the body fat content of 7-day-old SL Wistar pups is already twice that of NL pups, and this early increase in body fat content is associated with several-fold increases of plasma leptin and insulin concentrations. Since the NL pups exposed to experimentally induced high plasma leptin levels remained responsive to the hormone, hyperleptinaemia is, by itself, not sufficient to induce leptin resistance, though with the reservation that oscillating hyperleptinaemia caused by the bolus injections might fail to mimic a constantly elevated leptin due to sustained high endogenous hormone production. This theoretical possibility could be eliminated only by studying the effects of continuous leptin infusions, which can, however, presently not be performed for methodological reasons in pups younger than 15 days. Divergent physiological abnormalities caused by the leptin receptor defect 'fa' and early postnatal overfeeding Control of milk intake in suckling rats differs considerably from that of independent ingestion, 18 and during the first two postnatal weeks, milk intake of sucklings seems not to be influenced by leptin treatment or impairment of the leptin receptor. 19, 20 Thus, the increased supply of milk energy caused by rearing in SL 7 probably results in an increase in body fat content at an age at which energy intake is not yet under the control of leptin as it is in mature animals. On the other hand, leptin is already controlling the size of body fat stores during the first postnatal week. This statement is derived from the observation that 7-day-old þ =fa and fa=fa Zucker rats, in which the leptin signalling is more or less impaired by the receptor defect, show gene-dose-dependent differences in body fat 21, 22 and, moreover, during the first postnatal week, wild-type Zucker rats in which the leptin signal is enhanced by treatment with recombinant leptin, dose-dependently deposit less body fat in comparison to control littermates. 14 In addition, impairment of the leptin receptor results in a gene-dose dependent increase of fatmass-corrected plasma leptin concentrations and leptin expression in WAT by 10 days of age, suggesting the involvement of the leptin receptor in the control of circulating leptin levels at this early age. 23, 24 In contrast to the findings in our 7-day-old SL Wistar pups, the abnormally increased leptin levels in 10-day-old þ =fa and fa=fa pups were not associated with significantly increased insulin levels. 23 A further important difference between these two experimental models of early onset excessive fat deposition seems to be leptin receptor binding in the hypothalamus being clearly reduced at 21 days of age in normally reared animals carrying the fa-defect but not in wild-type animals reared in SL. 11, 25 The physiological changes associated with the onset of excess fat deposition in SL pups, thus, differ decisively from those in fa=fa Zucker rats reared in NL, even though the most obvious resultant variables, body fat content and leptin responsiveness at weaning, are very similar.
Selective hyperinsulinaemia but not hyperleptinaemia during suckling age increases the risk for obesity-associated abnormalities Leptin-treatment was not able to prevent a several-fold increase in plasma insulin concentration in 7-day-old SL pups. This might either indicate the beginning development of leptin resistance or reflect a generally lacking effect of leptin on insulin secretion at this early age. The lacking effect of leptin treatment also on plasma leptin concentrations of NL pups suggests the latter, but this not completely conclusive because the plasma concentrations of insulin in the NL pups are so low at this age that it is not clear whether a further reduction might be conceivable. In any case, rats from SL litters, whether leptin treated or not, were thus exposed to several-fold increases in insulinaemia at least from the age of 7 days.
Experimental evidence has been provided suggesting a pivotal role of hyperinsulinaemia during the second postnatal week in provoking lifelong alterations predisposing to obesity and syndrome X-like metabolic aberrations in adult animals observed after early postnatal overnutrition. 3, 26, 27 Since, however, early postnatal overnutrition is not only associated with hyperinsulinaemia but also with hyperleptinaemia, the question remained, whether the abnormal leptin levels per se might also be critically involved in triggering leptin resistance and programming syndrom Xlike abnormalities in later life. However, as demonstrated in this study, functional leptin resistance in overfed pups emerges only after the first postnatal week, and only in animals simultaneously developing hyperinsulinaemia and not in the normoinsulinaemic NL pups made hyperleptinaemic by treatment with exogenous leptin.
This developmental pattern seems particularly interesting because the time around postnatal days 10=11 has been Leptin resistance and obesity in overfed Wistar pups I Schmidt et al demonstrated to be of crucial importance for the differentiation, functional maturation and 'programming' of neuroendocrine systems. 28 -31 Subcutaneous or intrahypothalamic insulin treatment during this particularly critical period of early development resulted in a markedly increased body mass, 26, 27 suggesting increased body fat content at weaning. This was followed by persisting overweight and syndrome Xlike abnormalities throughout life. Subcutaneous treatment with high doses of leptin throughout suckling-age, on the other hand, decreased body fat content at weaning by more than 30% (this study), and when wild-type Zucker rats were leptin-treated with an even higher dose (600 (pmol=g)=day) from day 7 to 16, they still did not show abnormalities in body fat content at 3 months of age (Ingrid Schmidt, unpublished results). On the other hand, triggering endogenous hyperinsulinaemia in combination with hyperleptinaemia by rearing in SL was observed to predispose for lasting overweight, hyperinsulinaemia and syndrome X-like changes, 3 accompanied by hypothalamic alterations, suggesting some kind of central resistance to leptin and=or insulin. 3, 8 The immediate and lasting changes observed in perinatally overnourished animals seem, thus, not due to the concomitant change in circulating leptin levels by itself but rather to associated changes causing alterations in neural circuits, with the consequences of increases in peripheral and central insulin levels being presently the experimentally best documented example for such malprogramming processes. 3,32 -34 Irrespective of the question which nutritional and=or metabolic changes fuel the increased fat deposition of SL pups during suckling age 7, 11 or thereafter, 5, 6 we have, thus, to consider the question which factors might be able to perpetuate ('program') an obesity disposition in vigorously growing animals which are increasing their body mass and fat mass several-fold until adulthood, while being offered from weaning the same food as NL pups. Peripheral factors, like changes in adipose tissue cellularity and metabolism, 4 might contribute to the permanent abnormalities seen in SL rats, but assuming additional central nervous changes seems inevitable to explain the concerted metabolic, hormonal and behavioral differences observed in adulthood. 33 While central changes caused by hyperinsulinaemia are presently the best documented changes that might cause a malprogramming by early overnutrition, other hormonal or metabolic factors associated with early-onset obesity, particularly alterations that might, like hyperinsulinaemia, result in permanent changes in the central sympathetic system, must receive further experimental consideration. 32 -35 
